Optical material properties have been studied in a wide wavelength range. The aim is future use of spectral design for camouflage. The main characterization techniques used in this work are Reflection Spectroscopy, Scatterometry (BRDF) and Mueller Matrix Ellipsometry. Six camouflage evaluation criteria based on reflection, emissivity, polarization, gloss, dynamic coloring and broad band properties, are more or less related to the interaction between light and materia. Almost all are connected to the work of this thesis and are exemplified through different material categories with potential for use in camouflage applications. The included papers presents: a broad band (visible-infrared-microwave) study, two examples of dynamic optical properties of thin films, and polarization and scattering properties of a natural surface.
The word camouflage has been used since late 19-th century. It is thought to originate from the French word camoufler (to disguise) via a combination of the Italian camuffare and a French wording for the practical joke to "whiff smoke in the face"-camouflet.
And that is what it is about, to mock with colors to look alike, to confound with structures and reflections to not be looked at, but hide. In the ancient game hide and seek, for children a fun game, but all sincere war fighters know the ability to hide it is often the difference between life and death.
Today there is a challenging duel between the development of the camouflage materials (signature management technology) on the hiding side, and sensors of different kinds and combinations, threatening with detection, revealing and identification, on the seekers side. With emerging sensor technology, the hiding becomes trickier while the seekers always seem to be one step ahead. Despite the advances in technical development of sensors there are still limitations giving hope for camouflage management. However, to not be defeated, a vast improvement of camouflage materials and signature technology is needed.
Will the real "game" develop to an almost fictive reality where the urge towards invisibility as the ultimate camouflage, only seen its alike in tales and in the recent science fiction and fantasy movies expressed through examples as the invisible car of James Bond 1 and the invisibility cloak of Harry Potter
Chapter 1 Introduction
The purpose of this work is to better understand materials and their optical properties for potential use in spectral design of camouflage. Six evaluation criteria are presented.
Background
Camouflage is an essential property in nature just as it is in defence. The purpose of using camouflage is to hamper detection and thereby the chances to survive a critical situation. This is accomplished by aspiring to look like the surrounding, by having a low contrast towards the background [1] . However, the effectiveness of a camouflage material in a certain situation must be set in relation to the sensitivity of the eyes of the predator or of the sensors of the enemy, as well as to the geometrical orientation between the sun, sensors, background and the camouflaged object.
Colors are an essential part of our daily lives. The physics of color is based on frequency dependent optical effects due to interaction between radiation and materia. Different eyes see differently, due to the variations in the eye construction. Our sensitivity to colors is a highly subjective experience as color perception is based on the sensor ability of the human eye and the signal processing of the brain. To measure and describe color experience, often the CIE L*a*b* color space system [2] is used. The system is based on color representing coordinates for lightness (L*), degree of red or green (+/-a*) and degree of yellow or blue(+/-b*), respectively. The human eye has receptors for only red, green and blue color. By superposition of the signals from the three receptors almost any color can be perceived. An example is white light that is a combination of many visible wavelengths [3] . The term color can only be related to in the visible part of the spectrum (approximately 400-700 nm), but the effects of interaction between light and materia is not limited to this range. There are individual variations among humans, and even larger differences among species. Dogs have limited color vision, some insects can see ultraviolet (UV) light, some snakes are sensitive to infrared (IR), and some birds and beetles have vision sensitive to optical polarization [4] . Artificial receptors, here called sensors, also have a wavelength dependent sensitivity. Polarization sensitive sensors are common in radar range (RR) applications, but still rare in IR. It is however suggested that they can be used to enhance contrasts, once they become available. Military camouflage is therefore required in the whole wavelength range where sensors are common and also against detection of polarization contrasts. Figure 1 .1 shows a ladder model, describing how spectral design is related to military utility. The topic of this thesis lingers at the bottom steps and deal with characterization of optical material properties and surface structural properties. Spectral design, is a method where measuring and modelling material optical properties are prerequisites to design a surface with desired optical response, further explained in Paper I. Spectral design in practice, and the higher steps of the ladder model, are not part of this thesis, but is intensely studied elsewhere. Six camouflage evaluation criteria related to spectral design (see second step in fig. 1 .1) are stated in Paper I. These criteria (in italic below) are to a greater or lesser degree related to the interaction between light and materia and are used in exemplifying issues to consider in the development of VIS-IR-camouflage. Almost all of them will be found in this thesis: -How surface properties relate to color or wavelength (Reflectance).
-How characteristics of the reflected and emitted radiation depend on electric field orientation (Polarization).
-How a specific background is matched to in real time (Dynamic coloring).
-How obstruction between optimized optical properties and optimized microwave properties are avoided (Broadband Properties).
-How surface structure leads to a matte (diffuse) or a shiny (specular) appearance (Gloss).
-How a temperature contrast in IR is avoided (Emissivity).
In this thesis the camouflage properties in the VIS and IR are in focus. The corresponding electromagnetic radiation in the optical (VIS-IR) range, will be referred to as "light" below. Many of the fundamental properties are however the same for other wavelength regions.
There are also other needs to be fulfilled for an efficient and usable camouflage (surface adhesion, mechanical robustness, power supply, self-cleaning, etc.). Those are of high interest but beyond the scope of this work.
Thesis Outline
After the introduction to the thesis, given in section 1.1 above, chapter 2 introduces different aspects of interaction between light and materia. In chapter 3, a description of optical polarization properties are presented. Experimental methods are presented in chapter 4. In chapter 5, the papers are summarized, and examples of future research are given in chapter 6. A thorough explanation of the need of materials for camouflage application and military utility of spectral design is found in Paper I [5] . Broadband studies of the optical properties of different materials are found in Paper II [6] . Studies of dynamic properties of a dye are presented in Paper III [7] and of a polymer in Paper IV [8] . Scattering and polarization properties of a natural structure are presented in Paper V [9] .
Chapter 2 Light and Material Interaction
What happens when light interacts with a material and how do we describe this interaction?
Optical Properties
When light interacts with a material, it is reflected, absorbed or transmitted, as illustrated in fig. 2 .1. The interaction depend on the properties of the light and the material at the wavelengths involved. Described through Maxwell's equations [10] , a unified theory valid for any system at any wavelength λ is present. The equations relate the field or wave properties of light to different material specific properties, , µ and σ, the dielectric function, (or the relative permittivity), the relative permeability and the conductivity of the medium, respectively. In the description below, the conductivity is included in the dielectric function.
To describe optical properties of materials, the complex-valued refractive index N is useful. N, and µ are generally related through N = √ µ, where = 1 + i 2 is a complex entity and central for describing material optical properties. The real and imaginary parts 1 and 2 are not independent, but related through the Kramers-Kronig relation [11] . N is in general also complex and expressed as N=n+ik, where n is the real part describing refraction and k the imaginary part, also called the extinction coefficient. The parameter k is related to the absorption coefficient α = 4πk/λ. Various absorption processes are related to the work in this thesis. An example is the absorption bands of the atmosphere in the infrared region constraining the useability of sensors to specific wavelength bands, generally to 3-5 and 8-12 µm. Another example is related to vibration modes in chemical bonds between atoms and molecules, when energy is absorbed or emitted. The vibration modes give rise to characteristic absorption resonances and are similar for compounds with similar chemical compositions [12] . The combination of absorption bands give each compound a specific chemical "fingerprint". An absorption band spectrum can be revealed through for example spectroscopic reflectance measurements. Examples of identified absorption resonance peaks are reported in the included Papers II, III and V.
Specular reflection from a smooth (glossy) surface, such as a mirror, are described by Fresnel's 1 reflection equations, 2.1 [13] .
r p = (E 0rp /E 0ip ) = (n t cos θ i − n i cos θ t )/(n t cos θ i + n i cos θ t ) r s = (E 0rs /E 0is ) = (n i cos θ i − n t cos θ t )/(n i cos θ i + n t cos θ t ) (2.1)
Here E 0i and E 0r are the amplitudes of the incident and reflected fields at the boundary, and n i and n t the refractive indexes as shown in fig. 2 .2. The incident angle θ i is then the same as the angle of reflection θ r , and θ t is the angle of refraction. A light wave travelling in one direction, can be expressed as two orthogonal components. In the case of a reflection with an incoming, reflected and transmitted wave it is convenient to choose one component of the E-field to be parallel to the plane of incidence (denoted with index p), 2 and one component to be perpendicular (denoted with index s) 3 to the plane of incidence. This situation is shown in fig. 2 .2 where the plane of incidence is the same as the plane of the paper. The differences in the reflection properties of the two components, the reflection coefficients r p and r s , are described in eq. 2.1. The reflectance R, defined as the ratio of the reflected power (or flux) to the incident power (flux), can be expressed as R = I r /I i , the ratio between the reflected and incident irradiance. Since the irradiance is proportional to the square of the field amplitude E 0 , 1 µ = 1 is assumed 2 p from the German word parallel for parallel. 3 s from the German word senkrecht for perpendicular.
the reflectance R of the two orthogonal components are related to the Fresnel's reflection coefficients according to,
The ratio between the incident and transmitted irradiance can in a similar way be described with the transmittance T. A surface that is not smooth or glossy reflect also in other directions than the specular. It is then referred to as diffuse reflection or scattering, see fig. 2.1. Depending on the wavelength of the light, a surface can be smooth in some cases but seem rough in others. These kind of properties are discussed in Paper V. Any radiation not reflected or transmitted is absorbed and can be specified with the absorptance A. Conservation of energy leads to the relation R+T +A = 1. The emissivity ε m is an optical property of a material containing information about the thermal radiative behavior, i.e. the ability of the material to emit energy. Under geometrical and spectral averaging the emissivity and absorptance is equal and for certain conditions [14] , e m = A. The more reflective an opaque material is, the lower is the emissivity. Emissivity is angle and wavelength dependent, and can be expressed as the ratio between the energy emitted from an object or material 4 (ε m < 1), to the energy emitted by a perfect blackbody (ε m = 1) at the same temperature. All objects or bodies emit blackbody radiance according to StefanBoltzmann's law [15] , due to its temperature. A body of the temperature 20
• C will emit radiance in the IR with a peak value at 10 µm. At this wavelength the atmosphere is highly transmitting and IR sensors can be used at long distances which means that the detectably is high.
When light is diffusely reflected or scattered, the light is spread in many directions, for instance when the sunlight is scattered in the atmosphere by the large amount of particles in the air or when a beam is reflected by a rough surface. The wavelength, the roughness, or size and concentration of particles are of major importance for the type of scattering that occur. Usually scattering is divided into three categories determined by the structure size (∅) compared to the wavelength (λ).
Rayleigh scattering (∅ < λ):
When the light is interfering with particles or structures of dimensions smaller than the wavelengths the scattering is called Rayleigh scattering. [3] This can be exemplified by the atmosphere scattering sunlight, whereby the sky is diffusely radiating. Rayleigh scattering is frequency dependent, and short wavelengths (blue light) are scattered more efficiently, explaining the color of the sky.
Mie scattering (∅ = λ): When the particles are of similar size as the interacting wavelengths, the phenomenon is called Mie scattering [3] . Visible light scattered according to Mie in a cloud of water droplets, causes the cloud appear white.
∅ > λ:
When light interacts with particles or material of dimensions larger than the wavelengths (∅ > λ), other more complex models are needed.
An important concept in the scattering context is the Lambertian surface. This type of surface is ideal diffusely reflecting, scattering the light equally in all directions and fulfills Lambert's cosine law,
stating that the irradiance I θ , the angle θ from the surface normal, is proportional to the cos θ and the irradiance in the normal direction I n . However, the Lambertian properties are wavelength dependent. A surface scattering infrared wavelengths according to the Mie theory might scatter microwaves according to the Rayleigh theory. A surface Lambertian in the visible is not necessary Lambertian for other wavelengths. Lambertian properties are discussed in Paper V.
Optical Modeling
In many cases there is a need to use theoretical models of optical properties. A basic view of atom and molecule bonds is the starting point for the Lorentz oscillator model. A covalent bond between two nuclei m 1 and m 2 is a combination of an attraction, that increases when the nuclei are parted, and a repulsive force.
Often it is useful to look at the bond as a mass-spring system. If disturbed it may vibrate with a frequency ω determined by the spring constant k s , and the effective mass m of the bodies, m 1 , m 2 as depicted in the inset in fig. 2 .3. If a harmonic electromagnetic field E(ω) is the driving force behind movements within a material, like in the spring above, there will at some frequency ω be a resonance in the system. This happens at the angular frequency ω 0 , and can be described by the Lorentz expression,
Here, ω p is the resonance frequency of all contributing electrons, (the plasma frequency) and τ is the lifetime related to the resonance broadening. A simple free electron model, the Drude model 5 is obtained if we let ω 0 = 0 in eq. 2.4. The spring system model or Lorentz oscillator [3] model, describes the absorption resonance peak(s) observed for dielectric and semiconductor materials (see fig. 2.3 ). When modeling a more complex sample with many layers, different models characteristics, such as the Lorentz oscillators, are used together with reference data to solve for unknown optical and structural parameters of the sample. The modelling process is iterative, where model parameters are matched to experimental data and the mean square error (MSE) can be used as a measure of the goodness of fit [16] . The Lorentz expression was used when determining the dielectric function and the film thicknesses in the dynamic color studies of Rose Bengal, reported in Paper III.
Chapter 3 Polarization in Optics
A brief introduction to optical polarization and its description is given in this chapter.
If light propagates in the z-direction the electric field of a plane wave E(z, t) can be described as,
where the total E-field consist of the components E x (z, t) and E y (z, t), which have a phase difference δ(t) = δ(x) − δ(y). E x (t) and E y (t) are the component amplitudes and q is the wave vector.
Polarization is a wave property that describes the orientation of an electric field vector in relation to the propagation direction of an E-field. The case when E x (z, t) and E y (z, t) are completely correlated, is defined as totally polarized light. If E y (z, t) = 0, the light is linearly polarized in the x-direction. With x-and ycomponents of equal amplitude and phase, the resulting E-field will be linearly polarized +45
• related to the x-axis. If the phase difference between the x-and y-components is ±180
• (half a wavelength) the light is linearly polarized −45
• in relation to the x-axis.
In the case of circular polarization, the amplitude is the same for the x-and y-directions, and the phase difference is ±90
• (a quarter of a wavelength). The described polarization states are presented in fig. 3 .1. In this work the following convention is used. A wave oscillating clockwise while propagation towards you is considered having right-handed polarization, while counterclockwise oscillation propagation towards you is refereed to as left-handed polarization. Any other phase difference than exemplified above will result in elliptic polarization.
The two components of polarized light, in the x and y direction, respectively, have different reflection properties. An example of this is the Brewster angle (polarization angle) θ i = arctan (n t /n i ) for which only the polarized part perpendicular to the plane of incidence (x-component) is reflected. In reflection contexts, the notation s-and p-polarization is a common description of the perpendicular and parallel polarization components, as exemplified in chapters 2 and 4. The use of the polarization ellipse (presented in fig. 3 .2) can be helpful when describing polarization states. Through the characteristics of the polarization ellipse the fundamental polarization properties can be expressed [13] using the azimuth angle α (−π/2 ≤ α < π/2) which defines the orientation of the major axis a of the ellipse in its plane, and the ellipticity e, which is defined as e=b/a, i.e. the fraction between the minor and major axis b and a, of the polarization ellipse. The ellipticity e describes to which extent the reflected light is circular or linearly polarized. These parameters have been used in Paper V to describe the polarization properties of a scarab beetle. When the light is partly polarized there is a need to describe the degree of polarization P. It can be expressed through the fraction between the irradiance of the polarized part of the wave, I pol , and the total irradiance I tot ,
The Stokes formalism is suitable for description of the polarization of light and the Stokes elements I, Q, U, V can be used for describing the mixture of polarized and unpolarized light. The Stokes elements I, Q, U, V are expressed as different combinations of the irradiance and degree of polarization as in eq. 3.3-3.6, where <> represent the time averaged value and E x (t), E y (t), δ x (t) and δ y (t) are defined as in eq. 3.1. 
Often the incoming Stokes vector S i is normalized by setting I i = 1. The Q and U elements represent linearly polarized irradiance with preference for x or y, +45 or −45, respectively. V is the right-or left-handed circular polarization preference. Through the so called Mueller matrix [17] with 16 elements M ij , the outgoing Stokes vector S o is related to the incoming Stokes vector S i ,
The matrix represent an optical system, where the elements M ij are different combinations of reflection or transmission coefficients. Often the Mueller matrix is normalized so that M 11 = 1. The interaction between light and materia can be fully described using the Mueller matrix in eq. 3.7. If a sample can be described using a Jones matrix [18] , it can also be described with a Mueller matrix. Since Jones matrices do not describe partial polarization, the opposite is not true. From the Mueller-matrix elements M ij , the degree of polarization P can be calculated for different source polarization states, using the Stokes vector. This was done in the study of the scarab beetle in Paper V.
Chapter 4 Measurement Techniques
This chapter briefly describes the main characterization techniques employed in this thesis.
Reflection Spectroscopy
To study reflection and its wavelength dependent properties, a spectrometer can be used. When combined with an integrating sphere, not only specular but also diffuse or scattering properties can be measured. Separate instruments are often used in the UV-VIS-NIR region and the IR region. For shorter wavelengths it is common to employ instruments measuring the wavelengths one by one, i.e. dispersive instruments. Using the Fourier Transform InfraRed (FTIR) spectrometric technique, the material surface is instead illuminated using all wavelengths simultaneously. The signal is then Fourier transformed to receive the reflectance versus wavelength. To determine the spectral directional hemispherical reflectance (SDHR), the setup described in fig. 4 .1 can be used, allowing measurement of the total (specular and diffuse) reflectance. The sample is directly illuminated, and the detector is collecting the light scattered from the sample via the surface of the sphere within the detector field of view. Often the reflectance measurements are performed close to normal incidence to minimize the impact of the polarization properties of the incoming beam. Reflectance standards with diffuse and specular surfaces are used for calibration. The reflectance spectrum can also reveal material specific absorption resonances.
Scatterometric Measurements
A bidirectional reflection distribution function (BRDF) instrument can be used to investigate angle dependent scattering properties. With this technique it is possible to determine how incident light is reflected in space by measurements of all angles in the hemisphere. The bidirectional reflection distribution function f BRD is defined as the fraction between the differential radiance and differential irradiance and is measured in inverse steradians.
f BRD can be expressed by the incident power from the light source (P i ), the scattered power reaching the detector (P r ) and, the geometry of the reflected scatter, where the solid angle Ω r is determined by the detector aperture area A and the distance r between the sample and detector (Ω r = A/r 2 ). cos θ r is a correcting factor to adjust for the illuminated area to its size viewed from the scatter direction, θ r . The bi-directionality of the f BRD is dependent on the incident direction and the scatter direction, (fig. 4.1) , and may be viewed as the directional reflectance per unit solid angle of collected scattered radiation [19] .
Ellipsometry
Ellipsometry is based on the analysis of change in polarization for a reflected beam compared to the incoming beam. Figure 4 .2 describes schematically an ellipsometry instrument setup; the light path from the source, through a polarizer and a compensator before reflected in the sample, and through a compensator and an analyzer (polarizer) before collected at the detector. The outcome of an ellipsometric measurement is expressed through the complex ellipsometric parameter ρ, the ratio between the (complex valued) Fresnel's reflection coefficients r p and r s of the measured material for p-polarized light and s-polarized light, (eq. 2.1). Using the ellipsometric angles Ψ and ∆, [13] ρ can be written on polar form,
From ρ, sample optical properties such as the dielectric function can be determined. In the general case the so called the pseudo-dielectric function, is obtained through inversion of the equation
In the case of measurements on an ambient-bulk system the dielectric function is obtained directly from eq. 4.3 (as in Paper II). However, in most cases the sample contains one or more layers including interface and surface roughness and direct useful information on optical and structural properties is not obtained without additional modelling. In this sense ellipsometry is well suited for analysis of surfaces, thin films and heterostructures. Since the technique relies on phase information and amplitude ratios the measurements become very sensitive. When there is no coupling between the orthogonal polarization components, standard ellipsometry can be used. For analysis of anisotropic and/or depolarizing samples, Mueller Matrix Spectroscopic Ellipsometry (MMSE) is a more powerful technique and is required to describe depolarization. A MMSE setup proposed by Azzam, [20] provides the opportunity for multiple incident polarization states (linear, circular and elliptic) of the light and has been realized in dual-rotating-compensator ellipsometers. The light illuminating the sample in a MMSE setup, is changed to take a set of different polarization states (different Stokes vectors). This allows analysis of the reflected Stokes vector S o , and all the 16 elements of the Mueller matrix can be determined from the relation S o = MS i according to eq. 3.7. The output data is often used for modeling of sample properties. This was done in Paper III. MMSE was also used to obtain polarization properties of a depolarizing surface found in the cuticle of the scarab beetle (Paper V).
Vector Network Analysis
Maxwell's equations are valid for all wavelengths. Materials however, react differently depending on the wavelength of the interacting waves. For some wavelengths or frequencies, it is more useful to use circuit theory with resistances and impedances (Z and Z 0 in fig. 4.3) . Using a Vector Network Analyzer (VNA) in the microwave range, the change in amplitude and phase for the reflected S 11 and transmitted S 21 beam can be determined through two-port measurements. In such a measurement two parts of waveguide constrict the sample with the sample holder as an integral part of the waveguide ( fig. 4.3) . The measurements can be performed using different waveguides in several frequency bands, using one waveguide for each measurement range. Once the reflected S 11 and transmitted beam S 21 (expressed with the reflection coefficient from Fresnel's equation) have been experimentally determined, the dielectric function can be calculated as described in Paper II. 
Chapter 5 Publications
In this chapter relevant material categories and phenomena are briefly described together with the studied materials. The chapter also includes a summary of the major results obtained in the included papers.
The material characteristics experimentally studied in this thesis are very different. Samples ranging from semiconductors, dynamic colored thin films, beetle cuticles to doped dielectrics are schematically presented in fig. 5 .1. These may not themselves be relevant for camouflage applications, but they help to illustrate and exemplify important issues and phenomena that are. The variety of materials that are interesting for camouflage issues also come clear in the review presented in Paper I. 
Review of Materials for Camouflage
The first paper presents the application field and a review of materials for camouflage. A vast range of materials can be useful for camouflage. The reviewed materials have been classified roughly in order of complexity from single layers of paint, to three dimensional (3D) structures, and into biomimetic structures and metamaterials. These are all promising candidates for camouflage, but have also other areas of application. Six criteria for evaluation of camouflage are suggested.
Further studies on these can aid demonstration of military utility by spectral design. Paper I: The major result is a review of materials for signature management development trends and a description of six camouflage evaluation criteria for future use.
Multispectral Properties
Often in optics, surface properties are of great importance. However, the surface ability to reflect, transmit or absorb and the relevance or impact of a roughness layer or structure, is wavelength dependent. Structures with properties optimized for one wavelength range, may have interfering impact on properties in another range, if not properly constructed and optimized in advance. Therefore it is of relevance to study in a wide range, as was done in the broadband studies (VIS-IR; RR) presented in Paper II. Materials were chosen to have different reflection and absorption properties in the different wavelength ranges covered in the study. Epoxy 1 is transparent for VIS and RR, but when doped with FeCo-nanoparticles it became opaque in VIS and IR. Epoxy when cured is a mechanically hard and temperature stable material with a range of industrial applications. For comparison, studies were performed on an IR transmitting material, silicon (opaque in VIS and RR). Silicon wafers are widely used in industry as substrates for fabrication of electronic or photovoltaic devices, and integrated circuits. Paper II: The dielectric constant studied in a wide range (VIS-IR; RR), using wavelength specific techniques was reported.
Dynamic Properties and Materials
One way of classifying optical controllable dynamic materials with switchable properties, is to distinguish between organic and inorganic materials. Another classification is according to the external stimulus of the dynamic effect. The origin of a color shift can have several causes, depending on the material composition and sensitivity. In chemically switchable materials, a solvent, ion or pH-index change can be the trigger of color switching. An example of a chemically switchable materials is Rose Bengal (RB) 2 . RB has been intended for use in photovoltaic devices [21] and in bi-stable organic memory devices [22] . Paper III: Thin film thicknesses, and the dielectric constant in two different oxidation configurations were reported for the switching dye Rose Bengal.
Other examples are thermo-, piezo-, and electrochromic materials where in the latter case reflectance and/or absorption often is reversibly changed by the application of a voltage. In electrochromic materials such as conjugated polymers, the origin of dynamic coloring is explained by changes in the electronic structure of the backbone upon doping and undoping, i.e. reduction and oxidation. The extensively studied conducting polymers PEDOT:PSS 3 [23, 24] , is despite transparent and conducting properties also commonly used for antistatic surface treatments. At the time when Paper IV was written, reports on dynamic IR properties of PEDOT were scarce. A reason was that the outermost layer often is an electrolyte, opaque to IR. Paper IV: Transmission and reflection properties in IR of PEDOT based electronic devices was reported.
Natural Materials
The complexity of structures in nature is remarkable, compared to the limited choice of elements (C, H, O, N) for the most common biopolymers; cellulose of plants and trees, and chitin in shell of crustaceans, mollusks, and cuticle of insects. With an increased ability in fabrication of nanostructures there is a renewed interest in studies of structures of biology, for mimic purposes. Examples of interesting study objects are structures with non-bleaching light-weight structural colors [25] or unordered structures of chitin from the cuticle of the beetle Chypochilus insulanus (Moser, 1918) scattering visible light. The C. insulanus, cuticle is covered with thin scales filled with randomly oriented fibrils of chitin [26] , causing the beetle appear white, see fig. 5 .2. Paper V (manuscript): Degree of polarization, reflection and scattering properties were reported for the cuticle of the scarab beetle Chypochilus insulanus. 
Spectral Design
One of the first steps working with spectral design is to characterize the materials of interest. This has been performed in the work presented in this thesis. Combining materials, layer-structures and functionality for a given purpose is the core of spectral design. Inspiration from nature and natural structures can together with structural design improve material properties and are of relevance for spectral design and a route to practical applications. My contribution to this paper is the optical measurements and part of the writing.
List of Publications and my Contribution
Paper III [7] Optical properties and switching of a Rose Bengal derivate: a spectroscopic ellipsometry study, C. Åkerlind My contribution to this paper is part of the measurements and most of the writing.
Chapter 6 Outlook
Here direction and areas for future research of the field spectral design of materials for camouflage and signature management are suggested.
The recent improvements in material science and nano-fabrication technology show promising and inspiring development for future effective camouflage. The future direction has several aspects to consider, the academic approach must be tempered with the military utility and requirements. With aid of the ladder model fig. 1 .1(see Paper I) demonstration of military utility of spectral design is benefitted and related to what is written below. Issues to consider for future spectral design are for example:
• Methodology to formulate technical requirements from information on scenario and background.
• Choice of scenario and background to demonstrate methodology and apply requirements.
• Evaluation of material and modelling trends and their potential for camouflage applications.
• Methodology for choice of complexity and combination of materials and structures.
• Performance of spectral modelling and putting requirements on the design.
• Studying how to realise spectral design through different fabrication methods.
• Fabrication and realization of chosen structure and advanced material properties.
• Measurement and evaluation of results.
Outlook
• Incorporation of additional functionalities such as self-cleaning properties and mechanical robustness.
• Studying the balance between signature managements and other types of electronic warfare.
My personal wish for future work stands on three legs:
Polarization properties. These are not thoroughly studied in the signature management context for optical wavelengths, although it has been used for long in radar applications. Future research ought to cover materials with specific polarization properties.
Biomimetics is an interesting area in itself, but also relevant for future studies [27] . Diffuse "white" scattering surfaces with Lambertian properties in the IR region are interesting. Could the structures of the beetle C. insulanus (Paper V) be scaled up to receive the wanted optical properties in longer wavelengths?
Metamaterials, where structures of dimensions smaller than the wavelength is the origin of novel macroscopic behavior, are predicted to have a "brilliant future" [28] . Metamaterials might in the future give possibility of invisibility of an object, rather than adapting to the background. This could take camouflage technology to new levels.
